multiple, large areas of airway tissue. Often it is not feasible to quantify stained area and staining intensity in a standardized way to include all available areas in the analysis. Second, it is not to obtain robust estimates of inflammatory cell counts and cytokine always possible to stain all microscopic slides in one batch, expression from multiple large areas of histopathologic sections.
image analysis with interactive digital cell counting and semiInflammatory cell number and cytokine expression in bronquantitative scoring of cytokine expression in bronchial biopsy chial biopsies are increasingly considered to be a major outspecimens in terms of repeatability, and agreement in a crosscome in asthma and chronic obstructive pulmonary disease sectional and longitudinal design. (COPD) research (1) . However, the inflammatory infiltrate often shows a patchy focal pattern, sometimes with clusters METHODS in which the cells are difficult to count (2) . Therefore, there Subjects might be considerable within-section, within-biopsy, and between-biopsy variability ("true" variability). To achieve satisThis study used bronchial biopsy specimens from patients with atopic asthma who participated in two different studies, and was performed factory stable inflammatory cell counts in bronchial biopsy to examine automated assessment of cytokine expression (27 patients) specimens it is recommended that multiple large areas of (6) and inflammatory cell counts (25 patients) (7) . All patients (21 males airway tissue be examined (3) (4) (5) .
and 31 females) were nonsmokers at the time of recruitment (nonsmokers In addition to this true variability, the number of inflammafor more than 1 year, smokers for fewer than 5 pack-years), were atopic, tory cells that is determined will also be influenced by procewere between 18 and 50 years of age, and had a history of episodic dural factors. First, it is labor-intensive to assess cell counts in chest tightness and wheezing in the previous year. Atopy was assessed through a positive skin prick test reaction (wheals greater than 3 mm in diameter) to one or more common airborne allergen extracts (Soluprick; ALK, Copenhagen, Denmark). Prebronchodilator forced expired volume (Received in original form May 2, 2002 ; accepted in final form January 29, 2003) in 1 second (FEV 1 ) was more than 50% of the predicted value and more than 1.5 L, whereas postbronchodilator FEV 1 was within the normal entry. All subjects gave their written informed consent, and the studies Image Analysis were approved by the local medical ethics committee.
Fully automated densitometry of cytokine expression (protein and mRNA) and inflammatory cell-counting procedures were developed with Design the Zeiss Vision KS400 system (Carl Zeiss, Gö ttingen, Germany). This With respect to the cell counts, repeatability and agreement were examsystem offers broad functionality for digital image analysis for developined in a cross-sectional design, using baseline biopsy specimens (7) , by ment of a specific application, using a powerful macro language. analyzing identical digital images twice (2 weeks apart) by either fully Image Acquisition automated or interactive cell-counting procedures. Concerning cytokine expression, we assessed the repeatability and agreement between fully After a 30-minute warming up of the microscope (ϫ200 magnification) automated true color image analysis and semiquantitative scoring of the images were digitized with a three-chip color camera, which was cytokine expression in a cross-sectional design as well as in a longitudinal coupled to a PC with a 166 MHz Pentium processor and frame grabber design. Therefore, specimens from both baseline and end-point biopsies with appropriate corrections for nonuniform illumination (shading corafter 2 years of standardized treatment with inhaled steroids were inrection) and settings of the black/white camera signal (white-balance). cluded in the analysis (6) . This also allowed for assessment of the The size of the captured image was 433 ϫ 10 3 pixels (3 ϫ 256 gray values), which corresponded to 660 ϫ 496 m 2 . Using a motorized microagreement between changes obtained by either technique. scope table, we were able to merge four of these images into one image, Bronchoscopy which allows coverage of an area of Ϯ 1 bronchial biopsy section. Descriptive data for each compounded image were stored in a correFiberoptic bronchoscopy was done by an experienced investigator sponding image database. (L.N.A.W.), using a standardized protocol according to previous recommendations (8, 9) . Each procedure involved detailed explanation, preSegmentation of Lamina Propria and Epithelium medication, local anesthesia, bronchoscopy, and sampling according to
The area of lamina propria and epithelium was determined in these a previously published protocol (10) . Two bronchial biopsy specimens images by interactive/manual delineation of the epithelial basement were taken from the right lower lobe subsegments and the middle lobe, membrane and semiautomated generation of a 125-m-deep zone beusing a pair of cup forceps (FB-21C; Olympus, Tokyo, Japan). Biopsy neath the basement membrane ( Figure 1 ), and by semiautomated detecsamples were immediately embedded in optimal cutting temperature tion of the delineation of the epithelium toward the airway lumen. The (O.C.T.) medium (Miles Diagnostics Division, Elkhart, IN) and snaparea of the lamina propria and epithelium as well as basement memfrozen in isopentane cooled with solid CO 2 . Samples were stored at brane length were automatically measured by the computer and stored Ϫ70ЊC pending further processing (10) .
in the image database. Lamina propria was defined by the widest possible zone, maximally 125 m deep, beneath the basement membrane Processing of Endobronchial Biopsy Specimens excluding damaged tissue, mucus-secreting glands, bronchoalveolar In situ hybridization. In situ hybridization was performed on 5-mlymphoid tissue, and airway smooth muscle (10) . The maximal depth thick frozen sections. We used a 300-bp EcoRI-NheI fragment of the of the area of interest of the 125-m-deep zone in general includes the IL-4 cDNA and a 900-bp PstI fragment of the IL-5 cDNA, both sublamina propria and excludes the submucosa. Likewise, epithelial area cloned into pGEM7Zf(ϩ) (Promega, Madison, WI). Both complete was defined by the area above the basement membrane enclosed by cDNAs were obtained from the American Type Culture Collection (Manthe airway lumen, not excluding damaged epithelium (10) . assas, VA). The specific copy RNA (cRNA) probes were labeled with Fully Automated Cell-Counting Procedure digoxigenin according to the manufacturer's protocol (Boehringer, Mannheim, Germany). The in situ hybridization was performed as de-
The automated counting of positive cells consists of several imagescribed previously (11, 12) . Briefly, frozen sections were fixed with 4% processing steps to discriminate positive staining from background and buffered formaldehyde for 30 minutes. After pretreatment, the sections the application of an algorithm on positive-staining areas to establish were hybridized with 0.17 ng/l probe per slide for 16 hours at 42ЊC.
the number of cells. The image processing was based on the red-greenSubsequently, sections were washed in 2ϫ standard saline citrate with blue (RGB) color model and was developed in a separate set of images 50% formamide at 37ЊC and then in 0.1ϫ standard saline citrate with from three different study or staining batches. Custom macros were 20 mM ␤-mercaptoethanol at 42ЊC, and finally were treated with RNase written in KS400 interpreter language to separate the brown-red (B-R) staining (3-amino-9-ethyl-carbazole) from the blue counterstaining (he-T1 (2 U/ml; Boehringer) in 2ϫ standard saline citrate plus 1 mM ethylenematoxylin). There was a high correlation (r Ͼ 0.84) between the R-and diaminetetraacetic acid at 37ЊC. The immunodetection of digoxigenin-B-filtered gray-scale values of each pixel. A linear combination of the labeled hybrids was done with nitroblue tetrazolium as chromogen and R-and B-filtered gray-scale images was used to derive a gray-scale with 5-bromo-4-chloro-3-indolyl phosphate as coupling agent. The sense image in which the "brown-red" staining of interest is highlighted above riboprobes were included as negative controls and showed only light a uniform background (14). This first step resulted in a narrow and background staining. Sections for RNA in situ hybridization were not peaked gray level distribution of background pixels with a longer tail counterstained.
on the left, which represents positive-staining pixels ( Figure 2 ).
Immunohistochemistry. Immunohistochemistry was performed on
The second step was a normalization of the staining intensity range frozen tissue sections (5 m) essentially as described (10, 12, 13) . Briefly, to adjust for batch specific background and maximal staining intensity frozen sections were fixed with acetone. Subsequently, sections were by the chromogen. This was achieved by setting the darkest 25th pixel incubated with appropriate dilutions of the primary antibodies directed (batch/staining specific) to gray value 0 (black) and the modus of the against CD3 (Leu4) (BD Biosciences Immunocytometry Systems, background peak to gray value 255 (white) ( Figure 2 ). This step was Mountain View, CA), and against IL-4, IL-5, or IFN-␥ (Genzyme, Camincluded to eliminate differences in staining intensity between batches bridge, MA), in conjugated immunoenzyme assays using a secondary that are separately processed. biotin-conjugated antibody and a tertiary complex of streptavidin-biotin
The third step consisted of setting a cutoff between positive and no conjugated to horseradish peroxidase (Dako, Glostrup, Denmark), and staining. Because the distribution is normalized in the second step, this 3-amino-9-ethyl-carbazole as chromogen. Finally, sections were counterallowed us to use the same cutoff at gray value 170 for all images irrespecstained with Mayer's hematoxylin. Incubation with phosphate-buffered tive of the processing batch ( Figure 2 ). After inversion, this step results saline (PBS) supplemented with 1% bovine serum albumin instead of in an image with only black and white (positive) pixels. the primary antibody served as a negative control (10, 12, 13) . For image The next step was to reduce noise by deleting isolated pixels and analysis in general and for automated densitometry in particular, it is regions of up to three connected pixels. Subsequently, a closing procedure a prerequisite that the positive staining be not too saturated to allow consisting of a dilation followed by an erosion of two pixels was applied. differentiation within the darkest staining regions. Furthermore, we adThis closing procedure preserves nearly the original size of the positivevise the use of relatively pale counterstaining to decrease the possible staining regions while allowing the generation of connections between near regions and holes and concave bulges to be flattened. influence of nonspecific background staining on measurements. The algorithm to determine the number of positive cells was based of staining for cytokine protein. Again, the computer produces a gray level bar graph and the average gray value is stored in the corresponding on the area and morphometric characteristics (maximum length, maxidatabase. mum width, and fiber length) of positive regions. The algorithm is applicable only for lymphocytes (CD3 ϩ , CD4 ϩ , CD8 ϩ cells) and needs to be Semiquantitative Scoring slightly different for other cell types. The computer then provides the user with an image presenting positive cell clusters labeled in green and Semiquantitative scoring of cytokine expression was done in four projected on the original image (Figures 1 and 3 ) and a corresponding categories ranging from no staining to very intense staining (catedatabase with the number of positive cells established by the computer gories: -, Ϯ, ϩ, ϩϩ) (12). Examples of cytokine expression in epithealgorithm (Table 1) .
lium and lamina propria in bronchial biopsies are shown in Figure 4 .
Statistical Analysis Interactive Cell Counting
The number of CD3 ϩ cells was log-transformed to allow for heteroscedasThe interactive cell counting procedure was performed on exactly the ticity and expressed per 0.1 mm 2 of lamina propria (15) . Repeatability same digital images as were used for the fully automated procedure.
of both automated and interactive cell count procedures was assessed by This consisted of placing a cross-mark on a cell in the image by pressing intraclass correlation coefficient (R i ) for the number of cells within a the mouse button. Subsequently, the computer registered in a database positive-staining cluster as well as for the total number of positive cells how many times the mouse button was pressed (10) . Furthermore, after expressed per area of lamina propria. Agreement between cell count the interactive cell-counting procedure was performed, we applied a procedures was assessed on the average of multiple areas of bronchial macro that was developed to assess the agreement between the number biopsy specimens and expressed by the intraclass correlation coefficient of interactively placed cross-marks within a region and the number of (R i ). cells established by the fully automated procedure (within-cell cluster
The repeatability of cytokine expression was assessed by weighted agreement). It is necessary to realize that this widely accepted method ( w ) for the semiquantitative method and by intraclass correlation coeffidoes not yield a true numerical density and might be subject to a volume cient (R i ) for the automated method. The agreement (automated versus bias, that is, larger cells will be counted more frequently.
semiquantitative) was expressed as the Pearson's correlation coefficient (r). In addition, we assessed the agreement between changes in cytokine Fully Automated Densitometric Analysis expression during 2 years of standardized treatment with inhaled steThe fully automated densitometric analysis of cytokine expression difroids, obtained with both the automated and semiquantitative techfered slightly for protein and mRNA expression. With respect to mRNA niques. Agreement was expressed by Pearson's correlation coefficient. expression the intensities of the three color channels of the RGB image All statistical analyses were done with the statistical software package were combined and directly converted into a gray value image. The STATA 6.0 (StataCorp, College Station, TX). Values of p Ͻ 0.05 were computer then provided the user with a bar graph of the gray level considered significant. distribution and the average gray level was stored into a corresponding database.
RESULTS

To assess cytokine protein expression on slides counterstained
The areas of lamina propria and epithelium per patient examined with hematoxylin, similar image-processing steps are required as for the cell-counting procedure. These steps result in a gray level image were at least 0.2 and 0.075 mm 2 , respectively. The geometric mean Figure 2 . Gray-level image generated by a linear combination of the R-and B-filtered gray-scale images. The distribution shows a peak of the background pixels with a longer tail on the left, which represents positive-staining pixels (top panels). Normalization of the staining intensity range was performed to adjust for batch specific background and maximal staining intensity by the chromogen. This was achieved by setting the darkest 25th pixel to gray value 0 (black) and the modus of the background peak to gray value 255 (white) (bottom panels).
number of CD3-positive cells was 70.1 cells/0.1 mm 2 (1.9-fold SD) of lamina propria as well as of the number of cells per cluster was almost perfect (R i ϭ 0.97) ( Table 2 and Figure 5 ). With and 19.9 cells/0.1 mm 2 (3.8-fold SD). The repeatability of cell counting on identical images of both respect to fully automated densitometric analysis and semiquantitative nondigitized scoring of cytokine expression the agreethe newly developed (fully automated) and traditional methods (interactive cell counting) of the number of cells per 0.1 ment between the procedures ranged from moderate to very good for all markers in the airway epithelium (r ϭ 0.43-0.89) mm 2 lamina propria is shown in Table 2 . It appeared that the repeatability was almost perfect (R i ϭ 0.96) for semiautomated as well as in the lamina propria (r ϭ 0.59-0.80) ( Table 3) . Assessment of mRNA expression seemed to show better agreement and perfect (R i ϭ 1.0) for fully automated cell count procedures. The repeatability of fully automated densitometric analysis and (r ϭ 0.65-0.89) than the corresponding protein expression (r ϭ 0.43-0.69). semiquantitative scoring of cytokine expression on identical images is depicted in Table 3 . Repeatability of semiquantitative Furthermore, longitudinal analyses were performed on the pooled data of the two treatment strategies for the 17 patients scoring ranged from moderate (16) ( w ϭ 0.59) to very good ( w ϭ 0.95), whereas repeatability of automated densitometric analysis who were available for follow-up. Baseline and end-point cytokine levels, as well as their correlation determined by semiquantitative was perfect (R i ϭ 1.0) for the fully automated procedure.
The agreement between the fully automated procedures and scoring and fully automated densitometry, are shown in Table 4 . After 2 years of follow-up, there was a positive and significant traditional methods was first assessed by cross-sectional analysis (Tables 2 and 3 Table 1 .
epithelium, using automated densitometric analysis. Agreement number and cytokine expression. As we demonstrated, this allows a more sensitive detection of differences in cytokine exbetween changes from baseline after a 2-year follow-up in fully automated densitometric analysis and semiquantitative scoring pression. Therefore, it is likely that the introduction of automated digital image analysis procedures in biopsy studies of was moderate to good for cytokine expression in the airway epithelium (r ϭ 0.40-0.84) ( Table 5 and Figure 6 ) and fair to good patients with asthma or COPD will increase the statistical power to detect longitudinal changes as well as between-group differfor the lamina propria (r ϭ 0.28-0.77) ( Table 5 ).
ences and it will improve comparability between studies. This is the first study comparing fully automated true color
DISCUSSION
image analysis with interactive digital cell counting and semiThis study shows that fully automated cell counts and densitoquantitative scoring of cytokine expression in terms of repeatmetric analyses in bronchial biopsy specimens of patients with ability and agreement in biopsy specimens of patients with asthma help to reduce within-and between-study variability.
asthma. In contrast with interactive computerized counting, fully The novel methods outperform both the interactive cell count automated true color image analysis has been applied in only procedure and the semiquantitative scoring of cytokine expresone study to assess the inflammatory cell number in biopsy sion in terms of repeatability. Furthermore, they seem to be studies of patients with asthma (7). Obviously, the principles of unbiased and show a strong linear relationship with these traditrue color image analysis do not uniquely apply to this setting. tional methods. This indicates that fully automated procedures Berger and coworkers demonstrated that image analysis is improve the feasibility of assessment of inflammatory cell numvaluable for quantifying inflammatory cells in bronchi of patients bers in large areas from multiple bronchial biopsies. This will with COPD undergoing resection for pulmonary carcinoma (17) . further reduce the variability in estimates of inflammatory cell However, their algorithm is suitable only for the identification of solitary positive inflammatory cells in the bronchial tissue and does not allow assessment of the number of inflammatory cells that are situated in clusters, which can be frequently found in positively stained area relative to total epithelial area, which differs density of the chromogen in counterstained microscopic slides. Furthermore, by adopting the HSI model none of these studies
Cluster label corresponds to the positively staining cell clusters that are labeled in green and projected on the original image depicted in Figure 3 .
were using fully automated image analysis. First, none of the gray level images produced by the red-green- In contrast, the current method deals with these potential problems by making use of the correlation between the R-and Figure 5 . Agreement between fully automated and semiautomated cell count procedures. The line of identity has been drawn.
Definition of abbreviations:
IL ϭ interleukin; r ϭ Pearson's correlation coefficient.
